Pharmacological and surgical interventions that increase glucagon-like peptide 1 (GLP-1) action are effective to improve glucose homeostasis in type 2 diabetes mellitus. In light of this, nutritional strategies to enhance postprandial GLP-1 secretion, particularly in the context of diet-induced obesity, may provide an alternative therapeutic approach. Importantly, recent evidence suggests the amino acid L-arginine, a well-known insulin secretagogue, can also stimulate release of GLP-1 from isolated rat intestine. Here we tested the hypothesis that oral L-arginine acts as a GLP-1 secretagogue in vivo, to augment postprandial insulin secretion and improve glucose tolerance. To test this, we administered L-arginine or vehicle by oral gavage, immediately prior to an oral glucose tolerance test in lean and diet-induced obese mice. In both lean and obese mice oral L-arginine increased plasma GLP-1 and insulin and substantially improved glucose clearance. To directly assess the contribution of GLP-1 receptor (GLP-1R)-signaling to these improvements, L-arginine was given to Glp1r knockout mice and their wild-type littermates. In this experiment oral L-arginine significantly augmented insulin secretion and improved glucose clearance in WT mice, but not in Glp1r knockout littermates. Taken together these findings identify L-arginine as a GLP-1 secretagogue in vivo and demonstrate that improvement of glucose tolerance by oral L-arginine depends on GLP-1R-signaling. These findings raise the intriguing possibility that L-arginine-based nutritional and/or pharmaceutical therapies may benefit glucose tolerance by improving the postprandial GLP-1 response in obese individuals. (Endocrinology 154: 3978 -3983, 2013) G lucagon-like peptide 1 (GLP-1) is a hormone secreted from enteroendocrine L-cells into the hepatic portal circulation in response to the ingestion of nutrients (1). GLP-1 acts at its receptor (GLP-1R) to augment glucose-stimulated insulin secretion from pancreatic ␤-cells and is essential for normal oral glucose tolerance (reviewed in Refs. 2 and 3) . Therefore, developing strategies to enhance GLP-1 secretion from intestinal L cells could provide alternative therapies for type 2 diabetes mellitus (T2DM). Like carbohydrates and fats, dietary protein stimulates GLP-1 secretion (4). Moreover, oral administration of the amino acid glutamine potently induces the release of GLP-1, thereby augmenting insulin secretion in obese-and type 2 diabetic subjects (5). Thus, at least one individual amino acid can improve oral glucose tolerance by increasing endogenous GLP-1 secretion.
G lucagon-like peptide 1 (GLP-1) is a hormone secreted from enteroendocrine L-cells into the hepatic portal circulation in response to the ingestion of nutrients (1) . GLP-1 acts at its receptor (GLP-1R) to augment glucose-stimulated insulin secretion from pancreatic ␤-cells and is essential for normal oral glucose tolerance (reviewed in Refs. 2 and 3). Therefore, developing strategies to enhance GLP-1 secretion from intestinal L cells could provide alternative therapies for type 2 diabetes mellitus (T2DM). Like carbohydrates and fats, dietary protein stimulates GLP-1 secretion (4). Moreover, oral administration of the amino acid glutamine potently induces the release of GLP-1, thereby augmenting insulin secretion in obese-and type 2 diabetic subjects (5) . Thus, at least one individual amino acid can improve oral glucose tolerance by increasing endogenous GLP-1 secretion.
It is well established that the amino acid L-arginine is a potent insulin secretagogue (6) . Moreover, increasing evidence supports that dietary supplementation with L-arginine improves glycemic control in multiple species (7) . However, no studies have, to our knowledge, investigated a potential contribution of the GLP-1 system to the benefits of L-arginine for glucose metabolism. In the present study we tested the hypothesis that L-arginine is a GLP-1 secretagogue in vivo, and moreover that GLP-1R signaling contributes to L-arginine-mediated improvements in insulin secretion and oral glucose tolerance.
Materials and Methods

Animals
Male C57BL/6 mice were housed in an AAALAC-approved facility with a 12-hour light, 12-hour dark cycle and allowed free access to water and standard chow or 60% high-fat diet (D12492 HFD; Research Diets), unless otherwise noted. Diet-induced obese (DIO) mice were maintained on HFD for 5-6 months prior to testing. Global Glp1r knockout (KO) mice (Glp1r CMVKO ) were generated by crossing a floxed Glp1r mouse line with CMVcre mice, followed by outbreeding of the CMVcre as previously described (8) . Functional KO was validated as reported elsewhere (8) . All animal procedures were approved by the University of Cincinnati Institutional Animal Care and Use Committee.
Oral glucose tolerance tests in lean and DIO mice
To investigate the role of L-arginine on glucose tolerance in both lean and obese, insulin-resistant individuals, we delivered L-arginine or vehicle orally to lean and DIO mice prior to an oral glucose tolerance test (OGTT). Mice were fasted for 6 hours, weighed, and separated into weight-matched groups. At Ϫ15 minutes, mice received an oral gavage containing 1 g/kg ⅐ body weight (bw) L-arginine or saline (0.9% NaCl) in a 300-L volume. Although it is difficult to precisely address the physiologic relevance of this dose, we note that a similar dose of oral L-glutamine is known to act as a GLP-1 secretagogue and to improve glucose tolerance in diabetic rats (9) . At 0 minutes, mice received an oral gavage containing 2 g/kg ⅐ bw dextrose. Glucose was measured in blood collected from the tip of the tail vein using AccuChek glucose meters and strips (Roche) at baseline and at 0, 15, 30, 60, and 120 minutes.
Plasma GLP-1 response to oral L-arginine in lean mice
Blood for GLP-1 measurement was collected from 6-hour fasted mice. After obtaining a basal blood sample from the tip of the tail vein, mice were given an oral dose of L-arginine (1 g/kg ⅐ bw), and a second blood sample was obtained at 15 minutes. Whole blood (75 L) was collected into chilled tubes containing 10 L of antiproteolytic cocktail (4.65 g EDTA ϩ 93 mg aprotinin ϩ 40 000 U of heparin in 50 mL saline). Plasma was stored at Ϫ80°C until further analysis.
Plasma GLP-1 and insulin response in DIO mice
Blood for GLP-1 and insulin measurements was collected using a balanced crossover design conducted over 2 test days in 6-hour fasted mice. Hence each animal received both L-arginine (1 g/kg ⅐ bw) and the saline control. At Ϫ15 minutes, mice received an oral gavage containing L-arginine or saline. At 0 minutes, mice received an oral gavage containing 2 g/kg ⅐ bw dextrose. Whole blood (75 l) was collected from the tip of the tail vein into chilled tubes containing 10 L of antiproteolytic cocktail (4.65 g EDTA ϩ 93 mg aprotinin ϩ 40000 U of heparin in 50 mL saline), at Ϫ15, 0, and 15 minutes. Plasma was stored at Ϫ80°C until further analysis.
Oral glucose tolerance test and L-arginine-induced insulin release in Glp1r KO and WT mice
We performed an OGTT in chow-fed Glp1r KO and wild-type (WT) mice, as described above. L-Arginine-induced insulin release in chow-fed, lean Glp1r KO and WT mice was assessed in 6-hour fasted animals with free access to water. After obtaining a basal blood sample from the tail vein, mice were given an oral dose of L-arginine (1 g/kg bw), and a second blood sample was obtained at 15 minutes.
Measurements of GLP-1 and insulin
Commercially available kits were used to measure plasma total GLP-1 (MesoScale Discovery) and insulin (ELISA, Crystal Chem), per the manufacturer's instructions. /kg) or saline to lean C57bl/6 mice 15 minutes before an OGTT (2 g glucose/kg ⅐ bw) (2-way repeated measures ANOVA, n ϭ 7). B, Glucose area under the curve (AUC) (t test). C, Plasma GLP-1 (total) levels before and 15 minutes following oral gavage of L-arginine (1 g/kg) (paired t test, n ϭ 17). Data presented as mean Ϯ SEM. *, P Ͻ .05; ***, P Ͻ .001. 
Results
Oral L-arginine improves glucose tolerance and increases plasma GLP-1 and insulin
In both lean and DIO mice, oral administration of Larginine 15 minutes prior to an OGTT significantly improved glucose tolerance relative to controls (Figure 1 , A and B; Figure 2, A and B) . Coincident with this, oral Larginine elicited GLP-1 secretion in both lean and DIO mice. Among lean mice, oral administration of L-arginine significantly increased total plasma GLP-1 (tGLP-1) within 15 minutes ( Figure 1C ) (P Ͻ .001, 8.0 Ϯ 0.9 pg/mL at 0 minutes, 18.2 Ϯ 1.6 pg/mL at 15 minutes). Likewise, among DIO mice, the plasma total GLP-1 response (⌬tGLP-1) was significantly increased 15 minutes following oral administration of L-arginine (P Ͻ .01, 7.6 Ϯ 0.9 pg/mL at Ϫ15 minutes, 21.4 Ϯ 0.9 pg/mL at 0 minutes), compared with oral saline [8.5 Ϯ 0.8 pg/mL at Ϫ15 minutes, 13.0 Ϯ 1.8 pg/mL at 0 minutes]. This was further enhanced by an oral gavage of dextrose (P Ͻ .001, 38.1 Ϯ 3.8 pg/mL vs. 20.9 Ϯ 3.0 pg/ml at 15 minutes) ( Figure 2C) . Consistent with the improved glucose tolerance the plasma insulin response (⌬insulin) to 2 g/kg ⅐ bw oral dextrose was significantly enhanced by prior administration of L-arginine relative to saline in DIO mice [4.6 Ϯ 1.2 pg/mL at Ϫ15 minutes, 8.3 Ϯ 1.6 pg/mL at 0 minutes, 10.7 Ϯ 1.5 pg/mL at 15 minutes, P Ͻ .01 and 6.3 Ϯ 1.4 pg/mL at Ϫ15 minutes, 8.2 Ϯ 1.7 pg/mL at 0 minutes, 7.9 Ϯ 1.6 pg/mL at 15 minutes, respectively] ( Figure 2D ).
Effect of oral L-arginine on insulin levels and glucose tolerance in Glp1r-deficient mice
Assessment of plasma insulin levels in chow-fed lean Glp1r KO and WT mice following oral gavage of L-arginine revealed a significant increase in plasma insulin in Figure 2 . L-Arginine Induces GLP-1 Secretion and Improves Glucose Tolerance in DIO Mice. A, Blood glucose following oral gavage of L-arginine (1g/kg) or saline to DIO C57bl/6 mice 15 minutes before an OGTT (2 g glucose/kg ⅐ bw) (2-way repeated measures ANOVA, n ϭ 4 -5). B, Glucose area under the curve (AUC) (t test). C, Plasma total-GLP-1 response (⌬tGLP-1) to oral gavage of L-arginine or saline 15 minutes prior to an OGTT (2 g dextrose/kg ⅐ bw) in DIO mice (2-way repeated measures ANOVA, n ϭ 9). D, Plasma insulin response (⌬insulin) following oral gavage of L-arginine or saline 15 minutes prior to an OGTT (2 g glucose/kg ⅐ bw) in DIO mice (2-way repeated measures ANOVA, n ϭ 9). Data presented as mean Ϯ SEM. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001.
WT mice 15 minutes following L-arginine administration (P Ͻ .01, 0.7 Ϯ 0.1 pg/mL at 0 minutes, 1.1 Ϯ 0.2 pg/mL at 15 minutes) ( Figure 3 , A and B) but no effect of L-arginine on plasma insulin levels in Glp1r KO mice (0.9 Ϯ 0.1 pg/mL at 0 minutes, 1.0 Ϯ 0.2 pg/mL at 15 minutes) (Figure 3, A and B) . Oral gavage of L-arginine 15 minutes prior to an OGTT significantly improved glucose tolerance in WT mice (P Ͻ .01) (Figure 4 , A and C), but had no significant effect on glucose tolerance in Glp1r KO mice (Figure 4 , B and C). Although we observed no significant impairment in oral glucose tolerance associated with Glp1r deficiency per se in this experiment, consistent with previous reports (10), a mild impairment was observed when this cohort of mice was challenged with a higher dose of glucose (2.5 g/kg ⅐ bw) (data not shown).
Discussion
The present data demonstrate that oral administration of L-arginine acutely improves glucose tolerance in both lean and DIO mice. Moreover, L-arginine potently increases plasma concentrations of GLP-1, suggesting that GLP-1R signaling may contribute to its insulinotropic action. Consistent with this possibility, in mice with genetic disruption of Glp1r, the effect of L-arginine to induce insulin secretion and to improve glucose tolerance is significantly blunted. These findings reveal a novel role for L-arginine to improve glucose tolerance indirectly, via GLP-1 action, and may have implications for the treatment of T2DM.
Previous studies investigating the possibility that L-arginine acts as a GLP-1 secretagogue, either in vitro (11) the metabolism of L-arginine or stereo-specific interaction with a receptor or a transporter may be necessary for its effects. Similar to other nutrients, in vivo L-␣-amino acidmediated enteroendocrine release of incretin hormones is likely to involve both G protein-coupled receptor-dependent and -independent, pathways (12) (13) (14) . The diminished effect of L-arginine to elicit insulin secretion and improve oral glucose tolerance in Glp1r KO mice implicates GLP-1 signaling in the ␤-cell response to this amino acid. Whereas acute iv administration of Larginine has a direct effect to stimulate islet hormone secretion (15, 16) , the effect of oral L-arginine on glucose tolerance and insulin release requires intact GLP-1 signaling and thus appears to be indirect. The GLP-1 incretin effect has traditionally been ascribed to effects on intestinal L cells elicited by ingested carbohydrate, but the findings reported here support the involvement of gut hormones to link protein ingestion with insulin secretion. This has also been recently suggested in studies of humans consuming meals of specific macronutrient composition (17) . Also, we have recently reported that long-term dietary supplementation with L-arginine improves glucose metabolism in mice exposed to a low-protein diet (18) . Additional studies will be necessary to determine the contribution of the GLP-1 system to the benefits of this chronic intervention and to further explore a potential physiological role for this amino acid in glucose metabolism.
Several effective pharmaceutical treatments for T2DM target the GLP-1 system, by either inhibiting its rapid clearance by dipeptidyl-peptidase IV or using dipeptidylpeptidase IV-resistant GLP-1 mimetics (2). Developing strategies to enhance GLP-1 secretion from intestinal L cells, particularly in the context of DIO, could provide an alternative approach. The present findings raise the possibility that either dietary supplementation with L-arginine and/or L-arginine-based therapies may be effective to increase GLP-1 secretion in humans. Such an intervention would have the benefit of increasing GLP-1 concentration locally near GLP-1R-positive afferent neurons, thought to contribute to the metabolic benefits of GLP-1 (19, 20) .
In summary, our data demonstrate a novel role for oral L-arginine to regulate glucose metabolism indirectly by inducing GLP-1 release. Additionally, we demonstrate a pronounced effect of oral L-arginine to enhance glucose clearance in both lean and obese animals, underlining that nutritional-based strategies aiming to improve endogenous GLP-1 release may provide an alternative therapeutic approach to aid metabolic disorders.
